Effects of three mutant genes, C A T I -2 , cat2-1 and hex2-3, on catabolite repression of mitochondrial cytochromes and the first two enzymes of haem biosynthesis were compared. The CA TI-2d mutation gave no resistance to glucose, whereas cat2-1 endowed both cytochromes and 5-aminolaevulinate dehydratase with resistance, but did not alter the effect of glucose on 5-aminolaevulinate synthase. The hex2-3 mutation caused repression resistance of cytochromes and of the two haem biosynthetic enzymes. hex2-3 strains also accumulated intracellular 5-aminolaevulinate. Co-inheritance of the latter traits, sensitivity to maltose inhibition and ability to grow on raffinose in the presence of 2-deoxyglucose, demonstrated that the pleiotropic phenotype is a function of the single gene hex2-3. Revertants which grew on maltose regained sensitivity to deoxyglucose and exhibited normal sensitivity of cytochromes and haem biosynthesis enzymes to repression. Addition of the hexl-18 mutation, which renders cytochromes resistant to repression, to a cat2-1 strain did not produce the same effect on 5-aminolaevulinate synthase as hex2-3. It is concluded that repression patterns of haem and cytochrome biosynthesis are substantially affected by hex2-3 and cat2-1 but not by C A T I -2 .
INTRODUCTION
The aerobic respiratory system of the facultative yeast Saccharomyces cereoisiae is subject to extensive catabolite repression. When cells are grown on glucose medium the formation of mitochondrial cytochromes and other respiratory enzymes is drastically decreased (Polakis & Bartley, 1965; Perlman & Mahler, 1974; Mattoon et al., 1979) . As expected, restriction of cytochrome production is accompanied by a coordinate drop in haem biosynthesis. Preliminary studies (Jayaraman et al., 197 1) have indicated that 5-aminolaevulinate dehydratase (ALA-D), the second enzyme in the haem biosynthetic pathway, is sensitive to catabolite repression. Mahler & Lin (1 978) proposed that this enzyme is rate-controlling for cytochrome synthesis during derepression.
Catabolite repression in yeast does not appear to be directly mediated by 3',5'-cyclic AMP as it is in prokaryotes (Matsumoto et al., 1982) . Genetic studies of yeast mutants with altered sensitivity to catabolite repression have revealed the existence of a regulatory network having branches controlling sets of enzymes : (a) enzymes of gluconeogenesis (Gancedo & Gancedo, 1971) , (b) mitochondrial enzymes (Boker-Schmitt et af., 1982; Ciriacy, 1978) and (c) enzymes required for assimilation of carbohydrate carbon sources other than glucose (Zimmermann & Eaton, 1974; Carlson et ai,, 1981 ; Matsumoto et a/., 1983) . Most of the known altered repression mutants are pleiotropic and may be affected in one or more of these enzyme sets (Zimmermann Entian et al., 1977; Entian & Zimmermann, 1980; Bailey & Woodward, 1984) . Mutants have also been found in which smaller subsets of enzymes within one of the three general sets are affected as described above. For example, Szekely & Montgomery (1984) described a mutant in which c1 and p subunits of F1 ATPase and the ADP/ATP translocator, but not cytochrome c, are repression-resistant.
L . M . B O R R A L H O A N D O T H E R S
Various mutants have been examined for altered repression of representative enzymes from the three general sets, but in only a few cases have all mitochondria1 cytochromes been studied (Botralho et al., Mattoon et al., 1979; Boker-Schmitt et al., 1982) . Moreover, the question of coordinate repression-derepression of biosynthesis of both mitochondria1 cytochromes and their haem prosthetic groups has not been studied in detail. The present investigation compares the effects of several different repression-resistance mutations on cytochromes and the first two enzymes of haem biosynthesis.
METHODS
Yeast strains. The genotypes and sources of the strains used in this study are given in Table 1 . Gene symbols. his4 and leuf are mutant alleles causing nutritional requirements for histidine and leucine respectively. MAL2-8' is a dominant mutant allele which causes a constitutive (not requiring maltose as an inducer) but still glucose-repressible maltase synthesis (Zimmermann & Eaton, 1974) . MAL3 is one of the inducible maltose fermentation genes which is tightly linked to SUC3, one of the genes for invertase formation.
C A T f -P is a dominant mutant gene, and cat2-f is R recessive mutant gene, unlinked to C A T f , that allows for a rapid derepression of various enzymes after growth on glucose medium . hex2-3 is a mutant gene that causes lack of repression of maltase, invertase and malate dehydrogenase. The presence of this gene causes inhibition of growth by maltose Entian & Zimmermann, 1980; Entian, 1980) . hexf -18 is a mutant allele which causes production of non-repressible maltase, invertase and malate dehydrogenase Entian er al., 1977) . The gal2 mutation prevents fermentation of galactose, and the ma1 gene permits growth on maltose, but not the fermentation of this sugar. a and ct indicate mating type.
Growth conditions. For growth, the medium contained 1.3% (w/v) yeast extract (Difco), 0.2% (NH4)*S04, 0.2% KH2P04 and 2.0% (w/v) glucose; the pH was adjusted to 5.2. Erlenmeyer flasks (2 1) containing 400 ml of medium were shaken on a rotary shaker at 160 r.p.m. and 28°C'. Growth was monitored as the optical density at 570 nm.
Depending upon the generation time of each strain, different inocula were used, and cells were collected before the external glucose concentration fell below 0.4% to avoid derepression (Perlman & Mahler, 1974) .
Genetic analysis. Standard genetic procedures of crossing, sporulation and tetrad analysis were used (Mortimer & Hawthorne, 1969) . Analysis of hex2-3 segregants was made in medium containing (wlv) 1 % yeast extract, 2%
peptone, 2% 2-deoxyglucose, 4% raffinose and 2.0% Bactoagar . Analysis of growth was made on YPM (composition, W / Y : 1% yeast extract, 2% peptone, 2% maltose and 2% Bactoagar).
Isolation of'reuertants qf SMC-fBI3. Revertants of SMC-lB/3 were isolated 72 h after plating a heavy lawn of cells on YPM agar plates. Colonies were tested for loss of ability to grow on raffinose medium containing 2-deoxyglucose.
Enzyme uctizities. Activities were measured using in :iitu assays, with cells permeabilized by cycles of freezing and thawing. The assay of 5-aminolaevulinate synthast: (ALA-S) (EC 2.3.1 .37) was described by Arrese e f al.
(1983), and the assay of 5-aminolaevulinate dehydratase (ALA-D) (EC 2.4.1 .24) was described by Borralho et ul.
(1 983). Determination of intruceliulur 5-uminolaevulinic acid (1-ALA). This was done as described by Malamud et al. (1979) , using the modified Ehrlich reaction developed by Mauzerall & Granick (1956) .
Cjltochrome spectra. Cells were collected by centrifugation, washed twice with distilled water and suspended in 50 mM-pOtaSSiUm phosphate buffer, pH 6.0, to give a suspension of 25 mg dry wt ml-', The cytochrome spectrum of each suspension was measured with a double-beam Cary I7 spectrophotometer using dilute, reconstituted skimmed milk as a reference sample. Cytochrome reduction was accomplished by adding a few milligrams of dithionite to the sample cuvette.
Derepression of cytochromes was qualitatively assessed from spectra. Derepressed cells displayed resolved peaks for cytochrome b and cytochromes c + c, , at 562 and 550 nm respectively. Frequently they also displayed a peak for cytochrome au3 (see Figs 3, 4 and 5b). Spectra of repressed cells always contained a band in the region 540-560nm which was not resolved into individual b and c + c , peaks. Spectra of repressed cells commonly display a second band (labelled 'porphyrins' in the Figures). Pretlow & Sherman (1967) showed that many yeast strains accumulate one or more types of porphyrin in different relative concentrations. Zn porphyrins produce a two-banded visible spectrum with bands of similar intensity at about 540 nm and 575-585 nm. The exact positions (1) a leu1 MAL2-lIc MAL3 SUC3 CATI-2d
(1) a his4 1tfAL2-8~ MAL3 SUC3 CATI-2d hex2-3
(1) a his4 MAL2-8' MAL3 SUC3 cat2-1
of the bands depends upon the predominant porphyrins in the mixture, and can vary from strain to strain. In repressed strains absorption in the 540-560 nm region of the spectrum represents a composite of Zn porphyrin (540 nm peak) and relatively small amounts of b-and c-type cytochromes. Because the relative amounts of these various species in repressed cells varies with genetic background, it was not possible to utilize difference spectra (mutant minus wild-type) to obtain quantitative values for cytochromes in repressed cells. Figs 1 and 2 illustrate various types of spectra obtained with different repressed strains. Fig. 4 shows that the 575-585 nm Zn porphyrin band sometimes appears in the spectrum of derepressed cells as well. Chemicals. 5-Aminolaevulinic acid, raffinose, 2-deoxyglucose, maltose, acetylacetone, coenzyme A, NAD and p-dimethylaminobenzaldehyde were from Sigma. Medium constituents were from Difco.
R E S U L T S
The effects of three different catabolite-repression-resistance mutations on production of cytochromes and the activities of the haem biosynthetic enzymes ALA-S and ALA-D were studied.
Eflects of the CATI-2d gene on cytochromes and haem-synthesis enzymes
A mutant containing a repression-resistant allele of the normal gene CAT1 was isolated by Zimmermann et al. (1977) as a revertant of a permanently repressed catl mutant. The cat1 mutant could not grow on glycerol medium nor produce maltase, whereas the revertant, bearing the dominant allele CA TI-2d, grew on glycerol medium and showed precocious derepression of maltase in an appropriate genetic background. The effects of CATI-2d on repression of cytochrome synthesis and haem synthesis enzymes are shown in Figs 1 and 2. Although the CATI-2d strain SMC-25A (Fig. 1 a ) exhibits somewhat greater ALA-D activity than the control strain ( Fig. 1 b) , the same mutant gene in another strain, SMC-1B (Fig. 2) , causes no significant difference relative to the wild-type. In both CATI-2d strains, cytochromes remain largely repressed. Therefore, even though the reversion of catl to CATI-2d restored glycerol assimilation, this mutation does not render cytochromes repression resistant.
Derepression eflects of the cat2-1 mutation
In contrast to the CATI-2d mutation, the cat2-I mutation, which suppresses the catl defect has a pronounced effect on the catabolite repression of both cytochromes and haem synthesis. As shown in Fig. 3 , the specific activity of ALA-D (54 units) is substantially higher in mutant cells than in wild-type cells (20 units) (Fig. 1 b) harvested in the same physiological condition (0.4% residual glucose). Moreover, the whole-cell spectrum clearly shows the presence of all the cytochrome bands -aa3, b and c + c1 -indicating repression resistance.
L . M . B O R R A L H O A N D O T H E R S
Repression-resistant phenotype of hex2-3 Like cat2, the hex2-3 gene in strain SMC-lB/3 causes both cytochromes and ALA-D to become resistant to catabolite repression (Fig. 4) . However, unlike cat2-I, hex2-3 has an additional effect on the haem biosynthetic pathway; namely, it causes a substantial increase in ALA-S activity. This, in turn, causes a 2.5-fold elevation in intracellular 5-aminolaevulinate (I-ALA) concentration relative to that of the isogenic parent, SMC-1B (Fig. 2) .
Inheritance of traits linked to hex2-3
The phenotype of hex2-3 strain SMC-lB/3 is highly pleiotropic. The original mutant was selected for its ability to grow on raffinose in the presence of 2-deoxyglucose, a gratuitous repressor. The SMC-1B background includes the constitutive maltose fermentation gene MAL2-8'. However, mutant SMC-lB/3 is inhibited by maltose. In addition, the hex2-3 phenotype is characterized by repression resistance of respiratory enzymes and invertase, which liberates fructose from raffinose . To determine whether or not these various traits and the repression resistance of cytochromes and haem biosynthetic enzymes are all linked to the single gene hex2-3, strain SMC-lB/3 was crossed with strain S288c, and tetrad analysis was done onaspores produced by the resulting diploid, DRM2. Although tester strain S288c does not ferment maltose, it is capable of growing aerobically on maltose medium. Results obtained with five DRM2 tetrads are shown in Table 2 . The hex2-3 gene segregated 2:2, as indicated by growth of segregants on raffinose medium containing 2-deoxyglucose. All of the segregants sensitive to 2-deoxyglucose grew on maltose, whereas the defective growth on maltose was associated with 2-deoxyglucose resistance in only seven of ten segregants. Segregant 5C grew very poorly on maltose, whereas segregants 1C and 3C grew well on maltose, but they appeared to be partially inhibited by 2-deoxyglucose. It appears, therefore, that sensitivity of hex2-3 segregants to maltose inhibition is subject to epistatic modification in these three segregants. The possibility exists that the CATI-2d allele is absent from these strains, and is necessary for expression of this trait.
L. M. B O R R A L H O A N D OTHERS
When cytochrome spectra of these tetrads were made, repression resistance was found to segregate with deoxyglucose resistance in eight out of ten cases. Examples of two tetrads are shown in Fig. 5 . Although segregant 4C shows indications of two peaks in the b-c region of the spectrum, segregants 4B and 4D are clearly less repressed. When tetrad 2 was subjected to complete analysis of the haem synthesis parameters, the results shown in Table 3 were obtained. Both hex2-3 segregants, 2B and 2D, exhibit the phenotype of parental strain SMC-lBI3. It is noteworthy that the elevated ALA-S activity and high I-ALA are inherited together with 2-deoxyglucose resistance. The two 2-deoxyglucose-resistant segregants which did not exhi bit derepressed cytochromes (1C and 3C) were also not inhibited by maltose. + ++ ++ * + + , Sharp cytochrome peak in spectrum; +, detectable cytochrome peak; tr., absorption in b/c region of spectrum, but no resolution of peaks; -, no detectable absorption peak in spectrum.
-

Restoration of repression sensitivity by reversion of hex2-3
Because strain SMC-1 B/3 contains two maltose fermentation genes, revertants of hex2-3 can be obtained readily by selecting colonies which grow on maltose medium. When two maltosepositive revertants were analysed it was found that the reversion had restored the repression sensitivity of cytochromes and ALA-D, and that the ALA-S activity and I-ALA returned to wild-type levels. (Compare Fig. 6a, b with Fig. 2. ) Neither of the revertants could grow on raffinose medium containing 2-deoxyglucose.
Lack of additivity of cat2 and hexl
The hexl mutation and its allelesglrl and hxk2 (Lobo & Maitra, 1977; Michels & Romanowski, 1980) have already been shown to cause resistance to catabolite repression. Both cytochrome oxidase and NADH-dependent cytochrome c reductase are resistant in strains containing the glrl-1 allele. To determine whether the simultaneous presence of cat2-1 and hexl exhibited any additive effects, a double mutant, strain cat2.3-2A/18 was tested for effects of glucose on cytochromes and haem synthesis enzymes.
L . M . B O R R A L H O A N D O T H E R S
The results for this double mutant (cat2-1 hexl) are shown in Fig. 7 , and may be compared to those for the isogenic cat2-1 HEX1 strain presented in Fig. 3 . Clearly, the presence of the hexl gene does not further enhance repression resistance, nor does it alter ALA-S activity like hex2-3 does.
D I S C LJ S S I 0 N
Various investigations have indicated that the catabolite repression system of yeast consists of several circuits or branches, each of which controls a different set of enzymes. The set comprised of respiratory enzymes includes cytochromes, enzymes of the citric acid cycle and other mitochondria1 enzymes. A number of mutants resistant to catabolite repression of respiratory enzymes have been described (reviewed by Gancedo & Gancedo, 1986) . The phenotypes of the various mutant genes exhibit different patterns of pleiotropy which can be described in terms of the spectrum of different repressible enzyme sets affected. For example, the hexl and hex2 mutations described by Entian et al. (1977) , and Entian (1980) affect not only enzymes of carbohydrate catabolism, but several respiratory enzymes as well. On the other hand, these mutations do not render gluconeogenic enzymes non-repressible. In contrast, the action spectrum of the cat80 mutation appears to be more or less limited to the carbohydrate catabolic enzymes (Entian & Zimmermann, 1980) . HEX2 and CAT80 have been defined as members of the glucose repression cascade triggered by hexokinase PI1 (Entian, 1986) . The present investigation analyses the effects of three non-repressible mutations, CA TI-P, cat2-2 and hex2-3 on two subsets of respiratory enzymes, (i) the mitochondrial cytochromes and (ii) two enzymes of haem biosynthesis, ALA-S and ALA-D. Except for our preliminary report concerning the effect of hex2-3 on ALA-D repression (Borralho et al., 1983) , haem biosynthesis enzymes have not been included in studies of the action spectra of non-repressible mutants. The present study shows that whereas both the hex2-3 and cat2-I mutations render ALA-D and cytochromes repression-resistant, the CA T I -2 mutation, acting alone, produces little or no effect on these enzymes.
It is worth noting that neither of the 'repression resistance' genes cat2-I and hex2-3 renders cytochromes of a given strain fully resistant to catabolite repression. When a wild-type yeast strain is allowed to grow for several hours beyond the point at which glucose is fully consumed, the absorption band for cytochrome aa3 is substantially more intense than the comparable bands observed in any of the spectra reported here (Mattoon et al., 1979) . Moreover, in some genetic backgrounds the presence of one of these genes permits visualization of only cytochromes b and c + c , .
The repression resistance of ALA-D in both hex2-3 and cat2-2 is consistent with the earlier suggestion that ALA-D is rate-determining for haem biosynthesis (Jayaraman et al., 1971) , and therefore for cytochrome formation. This finding does not exclude the possibility that biosynthesis of some apocytochromes or subunits of cytochrome oxidase are independently controlled by catabolite repression.
It must not be concluded, however, that ALA-D is the sole target of glucose repression in the haem synthesis pathway in S . cerevisiae. Although ALA-S activity is not affected significantly by the cat2-I mutation, it is clearly increased by hex2-3. The relative increase in ALA-S activity is greater than that in ALA-D activity, so that the I-ALA levels of hex2-3 strains are elevated compared to either wild-type or cat2-2 strains. That the elevation of ALA-S and I-ALA is in fact caused by the hex2-3 mutation and not by another gene is demonstrated by the coincident inheritance of 2-deoxyglucose resistance with high ALA-S and I-ALA. Moreover, reversion of hex2-3 is accompanied by a return of ALA-S activity and I-ALA, as well as ALA-D activity, to wild-type levels. Although these results indicate that glucose exerts regulatory control on ALA-S activity, they do not necessarily imply that this control determines mitochondrial cytochrome repression. In the late-exponential phase in glucose medium, ALA-S activity is quite high, so that I-ALA accumulates. Then, as cells progress through diauxie (derepression) and begin to grow on accumulated ethanol, ALA-S activity drops to low level. The molecular bases for these controls are unknown. Conceivably, the hex2-3 mutation alters one of them.
L . M . B O R R A L H O A N D O T H E R S
It is possible that hex2-3 alters not only catabolite repression but also catabolite inactivation. The original hex2-3 mutant, SMC-lB/3, and most of the hex2-3 segregants of the heterozygous diploid DRM2 are inhibited by maltose, which accumulates in the cells (Paschoalin et al., 1986; Entian, 1980) . This result indicates that maltose permease, which is normally inactivated by glucose (van Rijn & van Wijk, 1972) , must retain activity in strains bearing the hex2-3 mutation. It would be of interest to determine whether or not ALA-S is also sensitive to catabolite inactivation.
Unlike hex2-3 mutants, strains containing the cat2-l gene are neither inhibited by maltose, nor does the response of ALA-S to glucose differ appreciably from that of wild-type cells.
Several laboratories have reported that mutations in the structural gene for hexokinase PI1 (hexokinase B) endow two enzyme sets with resistance to catabolite effects. Entian (1977) reported that the hex1 mutation decreased catabolite inactivation of fructose-l,6-bisphosphatase and isocitrate lyase. However, the specificity of this effect is open to question because the mutant used also contained the cat2-1 gene Moreover, no maltose inhibition was reported for hexl mutants.
In a subsequent report (Entian & Zimmermann, 1980 ) the hexl-18 allele was shown to endow cells with partial repression resistance of the respiratory enzymes succinate dehydrogenase and NADH dehydrogenase. Michels & Romanowski (1980) reported mutations which bestowed repression resistance on NADH : cytochrome c reductase and cytochrome oxidase. These mutant genes, designated glrl, were shown to be hexl alleles (Michels et al., 1983) . They are pleiotropic because they also alter repression of maltase and other carbohydrate catabolic enzymes. The latter studies do not clearly differentiate between resistance to catabolite repression and resistance to catabolite inactivation. The present investigation shows that the derepression pattern of cytochromes and ALA-D caused by cat2-1 is not altered significantly by the added presence of hexl. It is particularly noteworthy that the phenotype of this double mutant does not mimic that of a hex2-3 strain: ALA-S and I-ALA remain at wild-type levels.
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